In this work, we are interested in describing the evolution of the rheological behavior of geopolymer materials since their elaboration until the start of their kinetics of setting. We considered the case where these materials are obtained from the dissolution of a quantity S of metakaolin in a quantity L of alkaline activation solution (sodium-based). In this context and for all the values of the structural identification parameters P = (% Na 2 O) and R 3 = (L/S) in our experiments, it has been established that the rheological behavior is described by the viscoplastic Herschel-Bulkley model. In particular, we have been able to determine how rheological parameters of the model are affected by variations of P and / or R 3 . For the considered formulations, this analysis is of importance insofar as it was at the base of the identification of critical values of P and R3. Moreover, we verified that for these values, the setting time is maximum. This result is retained to define the optimized formulation of our materials.
more interest both academically and industrially. These interests are justified by the multiple performances that these materials exhibit, in particular their fluidity in the fresh state, sufficient for their pumping and injection, their resistance to attacks by acidic media, the possibility of adapting their setting time or still the importance of their mechanical strength in the hardened state [1] .
For these materials, obtained from the activation of a natural or synthetic aluminosilicate powder by an alkaline solution, several techniques have been implemented for the apprehension of their microscopic and / or macroscopic properties. We can cite in this context the characterization techniques which are based on various basic physical principles including in particular the interactions between matter and radiation (X-ray diffraction, infrared, X-ray fluorescence), thermal transfer (differential thermal analysis, thermo-gravimetric analysis, differential scanning calorimetry analysis) or the various mechanical tests (compression, flexion, traction).
The exploitation of these different techniques has been the basis of several studies to highlight the impact of the structural parameters of formulation on the texturing of geopolymers, their structuring or their resistance to compression [2, 3] . For almost all of this work, it should be noted that the only parameter used to identify a given formulation is the value of the silicium / aluminum ratio (Si / Al). It should also be noted that the start of the transition from the fresh state to the hardened state has been defined through the measurement of a characteristic time (setting time) taken with the aid of the needle VICAT [4] . Results obtained made it possible to study the evolution of setting time as a function of the structural composition.
The importance of these results and the need for greater control over the processes used to utilize the materials under consideration have been the basis of several additional works [5] [6] [7] [8] [9] . For these studies, deployed for twenty years, a more detailed description of the evolution of these materials according to their formulation is proposed. It is based on the introduction of the structural identification parameters R 1 = (% SiO 2 ) / (% Na 2 O), R 2 = (% H 2 O) / (% Na 2 O) and R 3 = L/S (L = Quantity of the solution of alkaline activation and S = amount of the aluminosilicate powder). It also includes considering results deduced from experimental rheology in characterizing the evolution [5] of these solutions. It has been established in particular that the rheological models of the yield fluids make it possible to correctly describe the behavior of the geopolymer materials in the fresh state and that the transition to the hardened state can be noted from the temporal changes of viscosity.
In spite these advances, no one has dwelt on how changes in parameters R 1 , R 2 and R 3 affect rheological variables such as yield stress, flow index and consistency, and therefore the start of the kinetics of setting.
The precision of this double correspondence between parameters of a structural nature and parameters with a rheological connotation on the one hand and between these rheological parameters and the phenomenon of setting, on the other hand, takes our particular significance. This insofar as it becomes more and more opportune to introduce, at the level of behavioral laws, empirical models capable alone to facilitate the identification of the various correlations sought and consequently to lead to important industrial applications [9, 10] .
Our work is part of this framework and focused, initially, on the description of this correspondence that enriches the different means of control and prediction described above. Indeed, the apprehension of the kinetics of setting is dependent mainly on the rheological parameters. In a second step, we paid particular attention to the determination of an optimized formulation of geopolymer materials in the fresh state. The objective is to deduce, from a purely rheological approach, the composition for which the setting time is extreme.
The results obtained were the basis for the introduction of a new approach for the control of geopolymer materials, based entirely on the evolution of their rheology in the fresh state. In fact, it is a question of specifying the optimized formulation of these matrices for a setting time previously stopped. Thus, this enriches the reflection around this problem often addressed from the only data of the mechanical strength of the final product.
Formulation and protocol for elaboration of geopolymer matrices based on Metakaolin

Description of the raw materials
For the tests conducted as part of this work, we consider the following products:
- . The X-ray diffraction analyzes on this metakaolin have shown that it is a largely amorphous powder containing a small amount of quartz as impurity phase, and a small residual amount of kaolin ( Figure 1 ) on the test and on the diffractometer. 
Formulation and development protocols 3.1 Case of alkaline activation solutions
Formulation
Our formulation is based on the definition of relations, allowing the passage of the weightings of the quantities considered to molar ratios R 1 and R 2 . It aims to specify these quantities for the different cases encountered in the previous work or only the ratios R 1 and R 2 are introduced [11, 12] . It also makes it possible to solve the problems related to calculating these ratios when the activation solution is prepared from a commercial solution of sodium silicate containing (SiO 2 , Na 2 O, H 2 O) with a predefined SiO 2 / Na 2 O ratio. In this context and taking into account their definition, the data of R 1 and R 2 allowsto specify the percentage P in Na 2 O through: P = (%Na 2 O) = 100 R1 + R2 + 1 (1) and to deduce the levels of SiO 2 and H 2 O in the alkaline activation solution. These rates, respectively, describe the speciation of silicon in the silicate oligomers and the dilution of the silicate species. For 100g of commercial solution, the total amount of the alkaline activation solution corresponding to the R 1 and R 2 ratios is: 
This makes it possible to associate them in a one-toone way with the ratios R 1 and R 2 . (Cf . Table 1 ) This approach, from which the correspondence between the weightings of the components and the structural parameters is established, makes it possible to go back to the importance of the impact of the percentage in sodium oxide on these parameters and to integrate, for a given value of this percentage, a set of cases for which the sum R 1 + R 2 remains constant.
Elaboration
The sodium hydroxide pellets (NaOH) are dissolved in distilled water under magnetic stirring of 6 tr / s for one hour before adding the commercial solution. The mixture thus obtained is solicited by the same agitation for two hours in order to ensure the chemical equilibrium between the silicated species. For this study, fifty samples are prepared. They correspond to the cases where (11 <P<20.9) corresponding to (0.75 <R 1 <2; 3.2 <R 2 <5.45). Compared to previous work and as shown in the figure (Figure 2 ), this is a deliberate choice justified by a desire to enrich the reflection around these formulations through the analysis of cases not yet addressed (formulations corresponding to low values of R 2 ).
Case of metakaolin-based geopolymers
Formulation
The solutions are obtained from the activation of a quantity S of metakaolin by a quantity L of an alkaline activation solution, under the conditions specified in the paragraph 1.2.1. This mixture is, therefore, characterized by the following structural parameters:
-The value P of the percentage of sodium oxide (from which we can fix the ratios R 1 and R 2 ). -The value of the ratio R 3 .
In the following table (Table 2) , we present P and R 3 values selected for this study: 
Elaboration
After carrying out the necessary weightings of the solution and the powder, the two components are mixed using a kneader for 2 min. This leads to the formation of a homogeneous paste that evolves chemically and rheologically over time [3, 6] .
Test Stand and Measurement Protocol 4.1 Description of the rheometer
To describe the effects due to the formulation of the alkaline activation solution or the concentration of the aluminosilicate powder on the rheological behavior of the solutions obtained; we use, as a test bench, the "Haake Rheostress¹" rotary rheometer from "Thermo scientific²" controlled by Rhéowin software and operating at imposed speed or stress. The tests are performed in plan-plane configuration for which the lower plane is fixed and the upper plane is rotated about their common axis; these planes being waterproof disks in Titanium 60mm diameter (PP60 cell), hardness coefficient equal to 6 ( Figure 3 ) and gap equal to 1 mm. This geometry adapts perfectly to the pasty nature of the material in question and requires small volumes for the samples (2.9 ml). 
Measurement protocol
For this work, we will focus on the case where a triangular rotation signal, characterized by its rise time T 0 and its maximum speed, is imposed on the upper disk ( Figure 4) . The ascending ramp is applied first to the material, which 1 Cadilhac est une entreprise de la distribution de produits chimiques ⎩ Figure 4 : Imposed signal is initially at rest, and is immediately followed by a descending ramp.
In a general way and for the rotary rheometers, it is established that the comparison of the answers to the two ramps is likely to inform us as to the flow regime. With the help of an asymptotic treatment of the conservation equations, we are indeed able to verify for the case where the flow is supposed to be quasi stationary (phenomena of inertia neglected before the viscous phenomena), that these responses are superimposed and that the shear rate . and the shear stress τ are respectively defined by τ = A Γ and . = B Ω where A and B are constants characterizing the geometry of the measuring cell (for the cell PP60, A = 0.02357 (Pa / µNm) and B = 188.50) and Γ the hydrodynamic torque in the gap [13] [14] [15] . Experimentally, the preliminary tests that we conducted to identify the conditions for which the inertial effects can be minimized have allowed to observe, as shown in (Figure 5 ), that the responses to the two ramps are almost identical for T 0 greater than or equal to 300s and for values of Ω max close to 30 rpm.
Rheological Behavior: Analysis and Results
Case of alkaline activation solutions
Qualitatively, the results obtained in this case are in agreement with previous work [2, 6, 7] . The behavior of these solutions remains Newtonian when one of the two ratios R 1 or R 2 is varied. As far as we are concerned, we present directly in Figure 6 the effects due to the variations of the percentage P on the evolution of the shear stresses. For values of P varying between 11.83 and 20.26%, we show that the viscosity of the alkaline activation solutions evolves as a polynomial of degree 5 and remains between 33 and 50 mPa·s. It should be noted that the inverse exploitation 
Case of geopolymers based on fresh metakaolin
Numerous experimental studies [2, 3, 6, 7] have shown that the rheological behavior of fresh geopolymer matrices can be described by the Herschel-Bulkley model, defined by the relation: The tests that we carry out here make it possible to reinforce this result, they allow moreover the highlighting of the impact of the structural characteristics (P, R 3 ) [18] of the geopolymer matrix on the rheological parameters (τ 0 , k and n) from changes in apparent viscosity (Figure 7a ). In this context, it should be noted that contrary to the observations noted by Bourlon, the increase in the shear rate is accompanied in our case by a decrease in the apparent viscosity. This is due to the fact that the values we use for R 2 are very low compared to those considered by Bourlon. A [7] (Figure 7b) .
For more details, we show in the figures (Figure 7) , the different impacts due to the variations of these different quantities. This reinforces for the users of this type of matrix additional control means allowing more correlation between the structure of the solutions and their macroscopic behavior in the fresh state.
An important point at this level is concerns the observations related to the evolution of the apparent viscosity as a function of the percentage of sodium oxide or also ac- It should be noted that during the execution of the rheological tests, we were able to determine critical points characterizing the rheology of the geopolymers. According to the figure (Figure 9 ), the existence of two points of intersection between the apparent viscosity curves of the different percentages of sodium oxide as a function of R 3 is very significant. This reinforces the fact that this percentage only slightly affects the apparent viscosity for these two values of R 3 . These two cases correspond to values of R 3 <1.
We are able to further describe how, for the same ratio R 3 , the setting kinetics characterizing the start of the transition to the cured state, is directly affected by the formulation of the alkaline activation solution. This reinforces the conclusions of Wang et al. [4] on the possibilities of predicting the mechanical behavior of the finished product from the rheological properties of the alkaline activation solution [2, 3, 6] . This also confirms the remarks of Xu et al. [6] who were interested in studying the effect of the formulation of this solution on the mechanical strength of the geopolymer matrices in the cured state.
Impact of the structural modeling on the rheological parameters (τ 0 , k and n)
The purpose of this paragraph is to highlight the effects due to the variations of the structural parameters (P, R 3 ) on the rheology of the geopolymer matrix in the fresh state. And this in order to link later this rheological behavior to the kinetics of taking [19] . This constitutes to our senses a definite advance for the control of the formulations of these matrices in the fresh state, as we will verify later.
In this context, it is necessary to set the value of the shear rate to be able to record, at the level of the apparent viscosity, the effects due to the variation of the structural parameters on the values of the stress, the consistency and the index fluidity of these solutions.
Effect of percentage of sodium oxide
For a fixed shear rate˙= 15 s −1 , the evolution of the viscosity as a function of P makes it possible to record a substantial decrease in the yield stress, which is in accordance with the impact of the solution of alkaline activation on the behavior of geopolymer matrices. In addition, it allows to observe the existence of a peak around the value P= 16.26 (R 1 = 1.2, R 2 = 4.017) for the evolutions of k and n. This case for which R 3 = 0.87 seems to correspond to a particular situation that we consider later ( Figure 10 ). 
Effect of the ratio R 3
For P = 16.26 and˙= 15 s −1 , the figure (Figure 11) shows that the evolution of quantities (τ 0 , k and n) is directly affected by the value of R 3 . In particular, the corresponding curves show a concavity change around the value R 3 = 0.94.
Approach for optimizing the formulation of geopolymers in the fresh state
The quality of the geopolymers in the fresh state is practically linked to its kinetics of setting which directly delimits the start of the condensation process [17] and which also makes it possible to fix the modalities of their exploitation or their transport. In view of the results presented, our approach for the optimization of the formulation of fresh geopolymer matrices is built on the basis of changes in setting time as a function of the parameters that are likely to affect them. Note that this is essentially the percentage of sodium oxide (P), the L/S ratio (R 3 ) and the temperature. We therefore place ourselves in the case where R 3 <1 and we seek to determine the optimized version of our formulation which allows to have the longest setting time. It is noted that for the measurement of the setting time, we consider the tangents method ( Figure 12 ) when the evolution of the viscosity over time is broken down into two parts, one having the first stages where the viscosity remains almost constant and the second where the viscosity follows an inflection and grows rapidly. This setting phenomenon, which characterizes the percolation path, is due to the bond between siliceous and aluminous oligomers.
Effect of the temperature on setting kinetics
For the effect of temperature, we consider the case where T = 40 ∘ C (closest to ambient temperature), simply because when the temperature is raised, the set time decreases. As has been confirmed by the previous work [2, 3, 6] and as has been verified through the evolution shown in Figure 13 . Indeed, for a given formulation; P = 16.86 and R 3 = 0.87, the evolution of setting time as a function of temperature is predictable. Note that the temperature which corresponds to the longest setting time allowing a favorable condition for its flow is 40 ∘ C (Figure 13 ). 
Effect of the sodium oxide percentage on the setting time of geopolymers
For the ratio R3 = 0.94 fixed, the appearance of a peak when P = 16.26 reinforces the results above ( Figure 11 ). This percentage has a peculiarity in the rheological properties, it is a maximum of apparent viscosity and setting time (Figure 14 ).
Effect of the ratio R 3 = L/S on the setting time of the geopolymers
The study of this effect seems to be useful and necessary in order to define the quantity of the alkaline solution suitable for activating an amount of the aluminosilicate pow- Figure 15 ). From the above curves, the slowest setting time is that containing P= 16.26% and L/S = 0.94 ( Figure 16 ). This is of particular importance in determining the flow time.
Then, it is possible to describe how, for the same ratio R3, the setting kinetics characterizing the start of the transition to the cured state, is directly affected by the for-mulation of the alkaline activation solution. These observations reinforce the conclusions of Wang et al. [10] on the possibilities of predicting the mechanical behavior of the finished product from the rheological properties of the alkaline activation solution [2, 3, 6] . These also confirm the remarks of Xu et al. [6] who were obtained in studying the effect of the formulation of this solution on the mechanical strength of the geopolymer in the cured state. We present in Table 3 the corresponding values of the apparent viscosity as well as the setting time. In particular, it is observed that for the optimum formulation proposed in the preceding paragraph, the apparent viscosity is the lowest when the setting time is longer.
Conclusion
For the study of the rheological behavior of geopolymer materials based on metakaolin, we, initially, justified the choice of the structural parameters that we selected for the identification of the formulations considered. These parameters are: P =% Na 2 O and R 3 = L/S, deduced from a simple conversion relation. To highlight the impact of the percentage of sodium oxide on R 1 . = SiO 2 / Na 2 O and R 2 = Na 2 O / H 2 O (usually considered) and to integrate, for a given value of P, a set of cases for which the sum R 1 + R 2 remains constant. A particular interest was devoted to the analysis of the impact of these parameters on the rheological behavior of these solutions. For the different cases considered, we have shown that:
• The rheological behavior is described by Herschel Bulkley's three-parameter viscoplastic model (yield stress τ 0 , consistency k and melt flow index n).
• The yield stress decreases when P increases, while the consistency and the melt index have a maximum around P = 16.26%. • The changes in the rheological parameters (τ 0 , k and n) as a function of R 3 show a change of curvature around R 3 = 0.94
For more control of the evolution of this rheological behavior we followed, with the help of the temporal variations of the viscosity, the beginning of the transition towards the hardened state. It was then observed that:
• Setting time (tp) decreases with temperature. • The variation of (tp) as a percentage of sodium oxide has a maximum around P = 16.26%. • The variation of (tp) as a function of the L/S ratio has a point of inflection around R 3 = 0.94.
Given these different results, we are able to propose an optimized formulation of the analyzed solutions. This corresponds to the case where the setting time is the longest (tp = 1340s) or else that for which P = 16.26% and R 3 = 0.94. For this formulation, we obtained the lowest values of the apparent viscosity. This is consistent with the results observed in terms of setting time.
This consolidates the processes of control of the rheology of geopolymers and the prediction of the behavior in the hardened state.
